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(54) Title: PROGRAMMABLE METALLIZATION CELL STRUCTURE AND METHOD OF MAKING SAME 

(57) Al^traa 

A prDgrammable mctalliZBttm 
cell CTMC") comprises a fast ion 
c6nduclor sOch as a chatcogenide- 
mfcial icm and a plurality of electrodes 
(e.^ an andde and a cathode) dis- 
jp6$ed at th6 surface of the fast ion 
coiKhxtor and spaced a set distanoe 
apart Iroin each other. Pireferahly. 
the fasi ion conductor comprises a 
duilcogenidB with Group IB or Group 
liB ihetalt, the aax)de coinprists si}- 
ftl/aibd the cathade conajpnscs aliK 
rninilrD or odfcr condtictor. IVh^n a 
voltage is applied to the aiiode and 
the cathode, a noiWi^olaiife ihi^ dki»^ 

^ite grows from the cathode along the surface of the fast loo conductor towards the anode. The growth rate of dbadrite is a function 
of the applied voUagb and time. The growth of die dendrite ihay be stopped by removing the voltage aiid the detadrite may he retracted 
^reversmg the voltage polarity at the anode and cathode. Changes in the length of the dendrite affect the resistance and capacitance of 
the PMC. The PMC may be incorporated into a variety of technologies such as memory devices^ programmable rcsistor/tapacitor devices, 
optical devices. senSors. and the like. Eleclrodes additional to the cathode and anode can be provided to serve as oi]|puts or additional 
outputs of the devices in sensing electrical characteristics which arc dependent upon the extent of the dendrite. 
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PROGRAMMABLE MkrALUZAflON CELL STUUCTORE 
AND METHOD OF MAKfNG SAME 

The present invention relates, generaUy, to a programmable metallizatidn cell 
5 comprising a fast ion conductor, a plurality of electrodes and a voltage-controHed 
metal stnictiire or dendrite formed at the surface of the fast ion conductor between 
the eliectrodes, and more particularly, tol devices such as electronic memory, 
i>rogrammabie resistors dnd capacitors, iritegrated optical devices, and sensors 
utilizing the programmable metallization cell. 

10 B^kgrouM Art and nchnhai ProUems 
Mbrnbry DeSncBh 

Memory dievices aire used in electronic systefrns and computers to store 
Ihformdtion In the form of binary daita. These memory devices may be characterized 
into various types, each type having associated with it various advantages and 
1 S disadvantages. 

For exartiple, random access memory ('RAM") which may be found in personal 
conii^uters is volatile semiconductor memory; in other words, the stored data is lost 
if the power source is discdnnectcid or removed. Dynamic RAM ("DRAM') is 
particularly volatile ih that it rtiust be 'refreshed* (i.e. recharged) every few 
20 Ihier6s^bdhds in Order to maihtair> the stored data. Static RAM ( "SRAM ") will bold 
th«f diata after orte writirlg so lottg as the power source is maintained; ortce the power 
source is disconnected, hoWeVer, the data is lost. Thus, in these volatile memory 
configurations, irif brrhatidn is only retained so long as the power to the system is not 
turned .off. 

25 CD-ROM is an eXdrnple of norvvotatile meirnory. CD-ROM is large enough to 

contain lengthy audio and video segments; however, information can only l>e read 
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f fdm and not written to this memor/. Thus, once a CD-ROM is programmed durirtg 
nVanufacture, it cannot be reprogrammed with new information. 

Other storage devices such as magnetic storage devices (i.e., floppy disks, hard 
disks and magnetic tape) as well as other systems, such as optical disks, are nor>- 
5 Volatile, have extremely high capacity, and can be rewritten many times. 
Urifbrtuhately. these memory devices are physically large, are shockMbration* 
> sensitive, recjuire expensive mechanical drives as well as consume relatively large 
^rhdtintis of power. These negative aspects make these memory devices non-ideal 
ifbr .ldw pbWer portable aipplicatiohs siich as lap>top and palm-top computers and 
10 ji^rsbnai digital assistants CPDAs"). 

Due to the rapidly growing numbers of compact, low-power portable computer 
systems in which stored inforirtatioh changes regularly* read/wrtte semiconductor 
memories have becortie widespread. Furthermore, because these portable systems 
require data storage vvhen the power is turned off, a non-volatile storage device is 
1 5 required, the simplest prograimmaible semiconductor non-volatile memory devices in 
these computers are prograrnrmable read-only memory ("PROM"), the most basic 
PROM uses an drray of fusible links; once programmed, a PROM cannot be 
reprogrammed. This is an example of a write-once read-many ('WORM') memory. 
The erasable PROM {'EPROM") is alterable, but each rewrite must be preceded by an 
20 erase step involving exposure to ultra violet light. The electrically erasable PROM 
("EEPROM" or 'E^PROM*^) is perhaps the most ideal of cohventibnal nor>-vol^tile 
. .se'rifMcohductbr rtiem^^ as it Can be Written to many times. I^lash rh^rinbries, anbther 
typfe df EEPftOM, have higher capacity than the low density, tr^iitional 6EPROMs biit 
lack their endurance. Orie major problem with EEPROMs is that they are inhereritly 
2S complex, the floating gate storage elements that are used in these memory devices 
are difficult to manufacture and cbnsurhe a relatively large amount of semiconductor 
real e^tatb. Furtherrhore, the circuit design must withstand the high voltages 
Necessary to program the device. This means that an EEPROM's cost per bit of 
riftemory capacity is extremely high compared with other means of data storage. 
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Ahdthei disadvantage of EEPROMs Is that aKhoujgh they can retain data without 
havihg the power source connected, they require relatively large amounts of power 
to program. This power drain can be considerable in a compact portable system 
powered by a baittery. 
5 ■ Recehtly, a greiat airnount of attention has been given to an aherhative non- 

volatile memory ti&chrtold^y based oh ferroelectric rhaterials. Unfortunately, there is 
stiil a great hurhber of problems associated with this data storage approach that have 
ptev'enteid Ithe Wkfe^spread application of ferroelectric materials, the various problems 
includihg non-ideal sforage characteristics and extreme difftculttes in manufacturing. 

lb Adcordingiy, in view of the various problems associated with conventional data 

storage devices described above« it is highly desirable to have a read/write memory 
,techndl6gv alitd* devide which is inherently simple and inexpensive to produce. 
Furinerrnbye» tfiis memory technology should meet the requirements of the r>ew 
geneYatibn of portable computer devices by operating under a low voltage while 

1 5 providing high storage de^nsity, non-volatility, and a low manufacturing cost, 
Progirannimiible Pais^ive and Active Components 

Electronic circuits may comprise literally millions of component parts. These 
component parts generally fall into two distinct categones, namely, passive 
components and active components. Passive components, such as resistors and 

20 capacitors, have electrical values associated with them which are relatively constant. 
Oh the other hahd, the electrical values of active components, such as transistors, 
drie designed to. ch^hge when a voh'age. or current is applied to control electrodes. 

/BecaiUs^ ofi the ^xteinsivet use of these two iyfies of components, it is higNly 
d^^irdble td KaVie a loW-cdst device v^hich may perform both the functions of a 

25 passive cdrnponeht^ and an active component. For example, it would be highly 
desirable to have a device that acts as an active component which responds to ah 
applied sighal by altering its resistance and capacitance and yet, in an alternate 
enibodiment, the same device acts as a passive component which can be pre- 
programmed (i.e..- the change is ''remembered" by the device after programming Is 
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compliete). Such a device would be able to be impiemented in many diverse 
appJicatioiris fronfi tiihed circuits in cbrnmunicatio^s equipment to volume controls in 
■ audio systemis. 
. Optical Devices 

5 Recently, there has been ah enormous demand for various optical devices such 

as disj>lay devices for lap-top computers, high definition television C'HDTV), spatial 
li^Ht modulators^ dhd the like. It woiild be Wghly desirable to have a low cost, higNy 
mariufacttiirabte device thai riiay be uliliziKi iri such optical devices as, for example, 
a shutter to block the passage of light through dn optical cell or as a mirror which 
10 may deflect a scahiried irtcident beam on or off a screen or other target. 
iS^en'SiQir's 

The measurerherit 6f expos^iire to ultraviolet radiation and other forms of 
radiation is vi^ry important as radiation is believed, for example, to promote skin 
caincer and other damdgtng effects to ah individual. 
1'5 Accordingly, it is desirable to have a highly manufacturable device that may be 

Listed In Ibw^cost, wavelength sensors or sensor arrays for short wavelength radiation 
such as ultriBviolet radialtion flO"^-10'^ meters), x-rays (10^- 10 *'), and gamma rays 

hb'^-ib'^). 

GdiiHchJsion 

20 Because of the widespread use of devices such as memory devices, 

pro^amriiabi^ resistor aHd CapacHor dcivlces, diemro-optical devices, and sensors, it 
. Js v6iy desirebfe" to hiaive d few cost, , easy to rhanufacture device that rhay be 
irhpfdMehted in all lt»f these viribirs apt>ficdtibns. ariiohg others. 

Suiiimiry of the IhwnUoh 
2& In dcbo'rdahce with an exemplary embodinient of the present invention, a 

ptoigramnfkaU rhetallization cell (*PMC') comprises a fast ion conductor such as a 
chalcog'enide-metal ion arid at least two electrodes (e.g., an anode and a cathode) 
cornprising ah electrically conducting material and disposed at the surface of the fast 
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* ion conductor a set distance apart from each other. Chalcogenide nfiaterials as 
reifefred to herein include all those compounds invohnng sulfur, selenium and/or 
tellurium. In a preferred embodiment, the fast ion conductor comprises a 
chaibogehide and Group I or Group II metals (most preferably, arsenic trisulphide- 

.5 silVer), the anode, comprises silver ajid the cathode comprises aluminum or other 
(E:ojfKfCictir)g riiateriaL When a voltage is appKed to the anode and the cathode, a non- 
volatile metal dendrite rapidly grows from the cathode along the surface of the fast 
ion conductor tbwards the anode. The growth rate of the dendrite is a function of 
the applied vbitagd ^'nd tinrie; the grdwth of the dendrite maiy be stopped by removing 

10 the voltage or the dendrite may be retracted back towards the cathode by reversing 
the voltage polarity at the anode and cathode. Changes in the length of the dendrite 
affect the ri^istarice ahd capacitance of the PMC. 

In accordance with one aspect of the present invention, a PMC is utilized as a 
memory storage device. More particularly, by applying a constant or pulsed bias to 

15 the cathode arid anode ovier a period of time, a dendrite of a certain length is 
produced. Associate^d with this defidrite iettgth are measurable electrical parameters 
such as resistarice ahd capacitance. In a preferred embodiment, both analog or digital 
values rhay be Stored in the device. 

In accordance with dhotHer aspect of the present invention, a PMC is employed 

20 as a prbgrammable resistor/capacitor device wherein a specific resistance or 
c^acitanc'e value is programmed by applying a DC voltage for an appropriate period 

. of time. 

Ih accordSftc'e: With yet ai^btte dspect of the preserit invehtion, an electro^, 
optical device co^plrlses a PMC having electrodes of broad width. When a large 

21 voltage is apjpiied to the electrodes, a dendrite "sheet" is produced that acts as a 
shutter tb block; thb passage of light through an optical cell or as a mirror for 
deflecting a scahhed incident beam on or off a screen or other target. 

In accordance with still a further aspect of the present invention, a PMC is 
utilized as a short wavelength radiation sensor. Because the growth and dissolution 



fate 6f the metal dendrite Is sensitive to certain wavelengths » the difference in the 
growth, rate of thfe di^hdrite can than be related to the intensity of the inciderit 
rddidiioh. 

5 The preseht irtV#htioh will hereinafter be described in conjunction with the 

ap^pisnded drawing figures, wherein: 

Fli3; 1A is a pidh vrew of a prbjgrannimable metallization cell in a lateral 
cdrtfiguratioh in abcdrdafnce with one embodiment of the present invention; 
FIG. IB is d crosS^sectiohal view of FIG. lA taken from line VI; 
16 FIG. 2 is a graphic representdtion showing the relationship between resistance 

airid tiririe in an exemplary ptogrammable metallizdtiori cell; 

FIG. 3 is d ^dphic representation showing the relationship between capacitance 
dhd time in an exemplairy cbnfiguratibn of a progl-dmmable metallization cell; 

FIG. 4A is S pl^ view 6f a progfamrhable metallization cell in a vertical 
15 cdnfigurdtFon in acdorddnce with another ^mbodirhent of the present invention; 
FI6. 4B is a eross-sectiohal view of FIG. 4A taken frorri tine 2-2; 
FIG. 5A is a plan view of an exemplary lateral type memory device in 
accorddnce With the present invention; 

FIG. 5B is a cross-sectioiial view of FIG. 5A tdkefi from line 5-5; 
26 FIG. 5C is a cross-^tiohal view of a lateral memory device in accordance with 

aridther embodim of tf>b present invention; 

FiG. 5D is a Cro^s-sedtio'nal vieW of a lateral memory device in accoVdahce with 
' VSt ahothlgr 'embodiitferit 6f the preseht invention; 

FIG. 5E is a CrP^s-seetional view of a lateral memory device in accordance wKh 
26 Isitill.Yet another embodiment of the preseht invention; 

Fig. 6A; is a plan view of an exemplary vertical-type memory device in 
accordance with the preseht invention; 

FIG. 6B is a cross-sectional view of FIG. 6A taken from line 6-6; 
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f\G, 7 A Is a plan view of art Exemplary embodiment of a prbgramihabie 
resistdnce/capbcftance device in accordance with the present inverition; 
FIG. 7B Is cross sedtional view of FIG. 7A taken from line 7-7; 
FIG.. SAvi^ 6 plan vieTw of a prbgfdmmable resistahce/dapacitance device In 
5 abcdirdahce With ^hbthet efhbodim^m of the preseht invention; 

FIG. 8B IS a cros^-Wctiorfdi view of RG. 8A taken from line 8-8; 
FIG. 9A is a plan view of iBih exemplary electro-optical device in accordance 
with the present mVeritibh; 

FIG. SB is a crbss-sectibnal view of the electro-opttcaK device of FIG. 9A taken 
10 from line 9-S; 

FIG. lOA Is S piafn vibv^ of ^n exemplary radiation sensor in accordance with 
the present IhVehtibh; ancl 

FIG. 1 0B is a crolsss^sectioh^l view of the sensor of FIG. 1 0A taken from line 
10-10. 

15 Detailed D^scnptwin of Ph^f erred £xemg^r^ 
I. Programmable Metalfizatlph Cell 

Refierrihg now to FIGS: 1 A and IB, ari exertiplary programmable metallization 
cell f'PMG") 10 in. a lateral or horiiohtal configuration Is shown In accordance with 
one eriibiodimeht of the present inverttlon. flG. 1 A is a plan view of PMC 10 and FIG. 

20 IB is a Cross-sectional view of PMC 10 taken from line 1-1 of FIG 3 A. PMC 10 
comprises a fast ion cdhductdr 12 dnd a piurality of electrodes 13 and 14 (e.g., 
cdth6d^/13 and anod 14) dkposdd dt thi^ surface oif fast ibh cor)ductor 12. 
Optibhaily^i suppoh^^ isub^tr^te 11 may be provided at the base of fast ion 
cortductor 12, above electrodes 13 and 14 (not shown), or both, to give added 

25 strength and rigidity to device 10. ^bstrate 11 may appropriately comprise, for 
Example, plastic, glass, or semicohdiictor material. 

With continued reference to FIGS. lA and IB, fast ion conductor 12 comprises 
a solid electrolyte, a metal ion-containing glass, a metal ion-containing amorphous 
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serriicdhdiictor, a chaico^ehid^-fnetat ion, or the like. In the broddest sense, a 
chdicogentde rhaterial in accordance with the present invention includes any 
compdtjhd containing siilfur/seleniurn and/or tellurium, whether ternary, quaternary 
or higher cbrhpouhds. In a preferred embbdirni&nt, fast ion conductor 12 comprises 
5 a chatcogenide-nietal ion composition, the chalcogenfde material is s^elected from the 
group consisting of arsienic, germanium, selenium, teDurturfi, bisrtiuth, riilckel, sulfur, 
polonium ahd 2inc (prefer^ly, arsenic sulphide, germanium sulfide, or germanium 
setenide) arid the. metal comprises various GrDUp I or Group II metals (preferably, 
sih^er. copper, ziric or a corhbihation therebf). the chalcogehtde-metal ion 

10 composition may be obtained by photodissolution, by depositing from a source 
comprisiriig the chalcogehide anfd metal, or by other methods known in the art. 

With continued refererKie to FIGS. 1A and IB, in a most preferred embodiment, 
fast ion conductor 12 edmprises arsenic trtsulphide-silver TAsjSj-Ag*). the silver is 
introduced into the A^2^3. illuntihating a thin sihrer film and the AsxS, layer with 

15 light of wavelength ies^s than 500 nanometers. If sufficient sih^er is present, the 
process results in the formation of a ternary compound which is stolchiometrically 
similar to the mineral smithite (AgAsSj), a stable amorphous material. Preferably, 
sufficient silver is deposited on the chalcogenide surface to form the equilibrium 
phase throughout the chalcogenide layer. While it is possible for PMC 1 0 to operate 

20 without fast ion conductor 12 being iri the equilibrium phase, the operation of PMC 
10 reqi^res corisiderably higher voltage. 

With contlniued rcffer^hce tb FIGS. 1A and IB, electrode^ 13 and 14 are 
suitably airrdng^d ap»a^ U6m each bther dt th^ Surface df f&t ion toiiductor 12, 
foirmirig a'dist^ce dl .in the range of j^riaferably hundreds of rhicroris to hundredths 

25 df microns. Electrodes 13 and 1 4 may comprise any electrically conducting material 
that will produce an electric field for the rapid transpbrt of metal ions in fast ion 
conductor 12. When a voltage is applied to electrode^ 13 and 14, a metal dendrite 
15 grows from electrode 13 (i.e. cathode), the electrode connected to the negative 
pole of the power supply. Dendrite 1 5 grows by precipitation frbm the solid solution 
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of cations (e,g. silver cations) dn cathode 1 3 created by a high local electric field. 
Dendrite 1 5 rhay be al)ovv6d to grow across the surface of fast ion conductor 1 2 until 
it rh6et5 opposing electrode 14, theriaby closing the gap and c6rTlpletir>g the electrical 
circuit* Alterrtaiiyely, dendrite 15 may be halted beforis it reaches drx>de 14 by 
5 removing the VOltaige soiiirce dr. by placing ah insulating physical baririer before the 
anode. As long ds diindthe 1 5 does not touch oppos^ite electrode 1 4» its growth can 
be edsily stopped and retracted by reversing the voltage at electrodes 13 and. 14. 
ChaNhges in the length of dendrite 15 affect the resistance and capacltaric^ of F^C 
10; these chan^c^s rnay then be easily detected using simple circbitry krK>wn in the 

ID art. Another impbrtant characteristic of dendrite IS is its non-volatility; metal 
deindrite 15 remains intact when the voltage is removed fronrv electrodes 13 and 14. 

With continued reference to PlG^i 1 A and 1 B, in a preferred embodiment where 
f e^t ion c6nductOr 12 comprises As2S3^Agj ariode 14 comprises slWet such as a solid 
sihrer layer or a silver-alumirium bilayer; this allows for rapid dendrite growth to occur 

.15 at a relatively low electric field as anode 1 4 acts as a sacrificial electrode. Cathode 
13 may be a solid silver layer, an aluminum layer, or a silver-aluminum bildyer, and 
in some conf iguTatioris aluminum is the pref erred material. If electrodes 1 3 and 1 4 
comprise silver (e.g. pure silver or ah aluminunvsilver bilayer)/derKlrite 15 will grow 
from the electrode that is connected to the negative side of the power supply; when 

iO the voltagie is reversed, the previous dendrite is di^soh^ed or retracted and a new 
dendrite grows from the opposite electrode. Alternativeiy, if cethode 13 comprises 
alumintim Sn»d ahode '14 comprises pure sih^er or a s3ver-aluiminum bilayer, dendrite. 
1 5 Will only grow from cathode. 13; wheri the voltage polarity is reversed, dendrite 
1 &. will retract towards cathode 1 3 but little or hO dertdrite growth will occur from 

25 opposite electrode 14. If anode 14 or both cathode 13 and anode 14 comprise 
alurninum dr another riorvdissoK/ing metal (e.g., goldi, growth of dendrite 1 5 becomes 
extremely slow and requires a high applied voltage. 

With continued reference to FIGS. 1 A and 1 B. the growth rate of dendrite 1 5 
is a function of the applied voltage and tinr>e. Low voltages result in relatively slow 
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growth whereas higher voKages produce extrerhely rapid growth. In small geometry 
devices (i.e., a few microns in width), voltages in the rar>ge of approxirhatety 0.5 
. volts to 1.0 vohs produce sir>gle dendrite structures with growth rates greater than 
10'^ hri/s while voyages in excess of 10 volts can produce a •sheet' of dendrite 15 
5 between electrodes 1 3 and 1 4, rather than a single dendrite. 

With continued r€iferer>ce to FIGS. lA and IB, a soft, polymeric coating (hot 
shown) siich ias polyimide or novolac may be disposed over fast ion cor>ductor 1 2 arwl 
electrodes 13 artd 14 for prbtbcttng PMC 10 from moisture or physical damage while 
siBI allowing growth of dendrite! 1 5. 

lb ^)ef erring now to FIGS. 2&nd3, graphic representations show the relationship 

in a PMC between resisteince and tintie and capacitance and time, respectively. The 
F^MC used to obtain these results Was a relatively large device (i.e. approximdtely 12 
rriicrons . f rom electrode to Electrode): nevertheless, these results provide a fair 
overrvi^w of the general ierledtrical cHarSfcteristics of the PMC. 

15 With s|3ecific reference to FlG. 2, a curve 32 represents the relationship 

between the resistance and tirhe of the PMC. Before any voltage is applieid to the 
i^ebtrod<e^s of the PMC, the resistarice of the f^C is approximately 2.65 megohms. 
When a small 0.7 volt bias is applied to the electrodes as a series of 0.5 second 
pulses, thfe resistance of the f^MC demonstrates ah inversely proportional relationship 

20 to the length Of time the voltage is applied to the electrodes. For example, the 
resistance value after 4.5 seconds of Applied Voltage has decreased aF>pr6ximately 
' . 550K ohms to approximately 2.1 riiegohms. Greiaiter changes in the resistance vahie 

. aire iabhic^ViBd When a smaller PMC device or larger voltages are used. 

With reference now to IFIG. 3, a curve 42 shows the relationship between the 

25 cdpac^it^ce of the PMC versus time. At approximately 0.5 seconds of an appli^ 0.7 
vbft bias, there is approximately 0.45 picofarads of capacitance for the PMC device. 
When 017 volts is applied to the electrodes as a series of 0.5 secorut pulses, the 
caipacttance of the PMC then rapidly increases to approximately 0.9 picofarads after 
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4.5 seconds, the capacitance increase is even greater if a sn^aller PMC device is 
used or iart|er .vdttages applied. 

With reference noW to FIGS. 4A and 4B, a vertically configured PMC 20 is 
illustriolted in laccdrdance with another ennbodiment of the present invention. While 
5 the iMi^ral configuration of FIGSI. lA and IB is easier to fabricate and has a lower 
ds;sbciat£fd rhanOf atbturihg cost, the vertical configuration provides the advantages of 
a muph more conriptict device. FIG. 4A ts a plan view of PMC 20 in the vertical 
configuration and Fib. 48 is a dross-sectional view of PMC 20 taken from line 2-2 of 
FIG4A. 

t6 With continued refererice to FIGS. 4 A and 4B, an electrode 23 (e.9., a cathode) 

and Sin electrode 24 (e.g., an anode) are positioned apart from each other in parallel 
piarie's. A fdst iori conductor 22 is disposed or sandwiched between electrodes 23 
and 24. Wh^ a voltage is applied to cathode 23, a dendrite 25 grows from cathode 
23 along th6 sUriface of fast ion conductor 22 towards anode 24. In a preferred 

15 ernbodtment, a supporting substrate 21 is provided adjacent electrode 24 or 23 to 
support and give rigidity to PMC 20. 

II. Mietal Dendrite Memory 

As described abbve, a PMC rhay be implemented in various different 
technologies. One such applicatioh is in mernory devices. 

20 Tuhning now to FIGS. 5A and 58, an exemplary metriory cell or metal dendrite 

rhefhory CMDM'^ d6ll SO is shown in a lati^ral or horizontal coriliguratibn. FIG. 5A 
is a pidh vieW 6f MDM b6 dtkt FIG. &B is a Crbss-sectiortial vieW of MDM 60 taken 
ffrdni line 5-5 of FIG 5A. In this illustrated embodiment, MDM 50 comprises a 
substrate 51 which provides the physical support for the rriernbry celt or device. If 

25 substrate 51 is hOh-tnsulating or otherwise incompatible with; the materials used in 
.MDM 50, an insulator 56 may be disposed on substraite 51 to isoldte the active 
portion of MDM 50 from substrate 51 . Mext, a fast ion conductor 52 is formed on 
substrate 51 (or insulating layer 56 if an ir>sutator is used). Fast ion conductor 52 is 
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appiopnately pEfttemed to provide isolation from memory cells or devices which rnay 
be adjdic^ht to cell SO. The dimensions fe.g. length, width and thickness) of fast ion 
cohdui:t6r 52 will determirie, in part, the electrical characteristics off MDM 50. For 
example, if. fast ion conductor 52 is thin and has a length greater than its width, the 
5 resisitdhce value of MDM 66 will be greater than the resistance value if fast ion 
bdridiiGtor 52 was thick an'd its width was greater than its length. 

NATrth continued reference to FIGS. 5A and 5B, the electtode materials are then 
deposited on coriductor 52 and appropriately patterned to form electrode 53 (e.g., a 
cathode) and electrode 54 le.g., an anode). When a voltage is applied to cathode 53 
Id and 2inode 54. a deihdriie 55 grows from cathode 53 along the surface of fast ion 
corKluctor 52 towards electrode 54. The dimension and shape of electrodes 53 and 
54 will. have an bffect on the elect rtcai characteristics of device 50. For example, if 
electrode 53 is narrow or conries to a point, the electric field around electrode 53 wiU 
be Ngh and growth of dendrite 55 will be rapid. On the other hand, if electrode 53 
\S has a broad configuration, the electric field at electrode 53 will be relatively small and 
the growth rate of dendrite 55 from electrode 53 will be slower. 

With continued reference to FIGS. 5A and 5B, an insulating layer 59 is next 
deposited on device 50. this insulating layer 59 protects the active area of MDM 50 
frdit) mechanidal damage or chemical contamination. Holes 35 are then appropriately 
20 provided in insulating layer 59 so as to allow a contact 57 and a contact 58 to be 
electfftcally coupled with electrode 53 and electrode 54, rei^pectively. 

With cohtiriued reference to FIGS. 5A and SB, a person of skill in the art will 
. ireciE>ghiz4 th^t this is riot the dniy possible corifiguration or method for cons^truictirig 
; a lateral MDM device. For example, ari ahernate configuration for MDM 50 may 
. 25 comprise forming feleidtrodes .&3 and 54 on substrate 51 and forming fast ion 
conductor 52 over these electrodes. In this configuration, dendrite 55 will grow 
.blorig the iriterface between substrate 51 and fast ion conductor 52. 

Turning now to a consideration of FIGS. 5C, the device shown there is similar 
to the memory celt or metal dendrite memory cell of FIGS. 5A and 5B, but in which 
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additiohai electrodes are provided. Specifically, and reierrihg r^ow to FIGS. 5C, MDM 
cell 250 comprises an insulator/substrate portion 251 supporting a fast ion conductor 
252. As was the case with the construction referenced in FIGS. 5A and 5B, fast ion 
conductor 252 is appropriately patterned to provide isolation from multiple adjacent 
5 cells or devices. Electrode materials are then deposited and patterned to form 
elfectrdde 253 functiohihg as a cathode and electrode 254 functioning as an anode. 
When £1 voltage is applied to cathode 253 ar>d anode 254, a dendrite 255 grows 
along fhe surface of fast ion conductor 252 towards electrode 254 as shown in FIGS. 
5C At was the case with the arrangement of f IGS. 5A and 5B, contacts 257 and 

TO 258 are prdvided cohtacting the cathode 253 and anode 254, respectively. 
Addrtiohally, and as shown in FIGS. 5C, two additional electrodes 260 and 262 are 
provided, with respective contacts 264 and 266. Actually, in accordance with this 
aspect of the invention either one or the other or both of the electrodes 260 and 262 
rhtfy be provided, although the presence of both is shown in FJG. SC. 

1 5 The additional el^trbdes 260 and/or 262 in accordance with this ernbodiment 

are provided in the same plane as the dendrite 255, and are separated by a material 
270 shown in FlGS. 5C, w/hich can be either a dielectric material or a resistive 
material. In the case of a dielectric material, the device shown in FIGS. 5C will 
exhibit pirogramrnable capacitances between electrode 253 and electrode 260, 

20 between electrode 253 and electrode 262, and between electrodes 260 and 262, as 
well as of cburse between electrodes 253 and 254. The programmable capacitances 
between the various electrodes a(re programrhe^ by the extent of growth of dendrite 

\o the case of d situation where the material 270 is a resistive rrYaterial, the 
25 device will exhibit corresponding prbgramiriable resistances in accordance with the 
e^ent of dendrite growth. Specifically, programmable resistances exist between 
electrodes 253 and 260, between electrodes 253 arid 262, between electrodes 260 
and 262, and of course between elecuodes 253 and 254. The magnitude of all 
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resistances will de'pehd on the length of the dendrite grown between electrodes 253 
and 254. 

the device shown in FIGS. 5C can offer several advantages over the device of 
FlGS^ 5A and 5B which only has two electrodes. Specifically, a dc bias voltage can 
5 be applied between ariy combination of the electrodes other than electrodes 253 arid 
254 without altering the dendrite ler>gth aruJ hence the capacitance and/or resistance 
of the device. This has important irnplidatiohs for the use of the device in memory 
Arrays and oth6r electronic circuit applications. These same considerations and 
advantages apply to a three electrode, rather than four electrode, device. Dendrite 
10 growth is restricted to occur between electrodes 253 and 254 and never between 
any of the other electrodes. Electrodes 253 and 254 are therefore the programming 
t^rrnirials of the device, with the other electrodes being the output terminals of the 
dievice. 

Turning nOw to a consideration of FIG. 5D« a device is shown in cross section 

1 5 sirful^r to the device of FIGS. 50, but in which the additioiial electrode or electrodes 
is or are provided abdve the plane of the derKlrite. rather than in the same plane. As 
shown in. FIG. 5D, MbM cell 350 comprises an insulator/substrate portion 351 
supporting a fast ton coridiictot 352. As was the case with the conistruction 
referenced in FIGS. 5A, 5B, and 5C, fast ion cortductbr 352 is appropriately patterned. 

20 to provide isolation from multiple adjacent cells or devices. Electrode materials are 
then deposited and paitt^rned to forrti electrode 353 functioning as a cathode and 
electrode 354 functiohirtg as dn anode. When a voltage is apibiied to cathode 353 

^ and anode 354, a dendrite 355 grows along the surface of fast ibn conductor 352 
towards electrode 354. Centals 357 and 358 are provided contacting the cathode 

25 353 and ariode 354, resi3ectively. Additionally, either one or two additional 
electrodes can be provided, with one of these electrodes 360 being shown in FIG. 5D 
Sis situated above the plane of dendrite 355, and having contact 364. The additional 
electrode or electrodes 360 in accordance with this embodiment are separated by a 
material 370 sl>0wn in FIG. 5D, which can be either a dielectric material or a resistive 
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rHatertaiL In the casb of a clieiectrlc Material, the device shown irr FIGS. 5D will 
Exhibit programmable capacitances between electrode 353 and electrode 360, 
between elettrode 360 shown and another electrode 362 beneath the fast ion 
cdfidiictor (not shown) if provided, between electrode 360 and electrode 354, and 
S of course between electrodes 353 and 354. The programmable capacitar>ce5 
between th^ various electrodes are programmed by the extent of growth of dendrite 
355. 

. Irt thiBf case df a situation Where the material 370 is a resistive material, the 
rdfeVieci win crkhib^ corresponding progtamitiable resistahces in accordance with the 
ib Bkienx of dehdrUe growth. Specif icdlly, prograifnitiabie resistances exist between 
elect)f6des 353 ah^ 360^ betweien electrodes 353 and 362 (if provided), betweeri 
Electrodes 360 atid 362 (if provided), and of course between electrodes 353 and 
"354. the rinaghitiidb of all resistances wilt depend on the length of the dendrite 
grbwri betwefeh el^ctrodeis 353 arid 354. 
15 f het device sl^Wn in FIG. 5D^ like thdt of FIG. 5C, can offer several advantages 

over the device of FiCsS. 5 A and 5B which only has two electrodes. Specifically, a 
dc bias voltage c^h be applied between any combination of the electrodes other than 
electrodes 353 and 354 without altering the dendrite length and hence the 
. cap'acit8~r>ce afid/or resistance of the device. This has important implications for the 
- 20 use of the device iri memory arrays and other electronic circuit applications. These 
saime cohsideratidns ar>d advantages apply to a three electrode, as well as a four 
;elet:tf6de> deVic^. Dendrite growth is restricted to bccur between electrodes 353 artd 
354 ^d never biBtweeri ariy of the ^ther electrodes. Electrodes 353 arid 354 are 
thietefore the programming terminals of the device, with the other electrodes being 
25 the output terminals of the device. 

• Referring now to FIG. 5E, ^ device is shown similar to the device of FIG. 5D, 
but in . which the additional electrode or electrodes is or are provided in a plane 
berneath the plane of the dendrite. In FIG. 5E MDM cell 450 comprises an 
irisulator/substrate portion 451 supporting a fast ion conductor 452. As was the 
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ca&B in thia previois ernbodiments, fast »on conductor 452 is. appropriately patterned 
ib providef isolation from rtiulttple adjacent cells or devices. Electrode materials are 
xHbn deposited and patterned to form electrode 453 functioning as a cathode and 
tilectrodd 454 fiihctiDning as ah anode. When a voltage is applied to cathode 453 

. 5 dnd ahode 454, a dendrite 455 grows along the isurtace of fast ion conductor 452 
towards electrode 454. Contdcts 457 and 458 are provided contacting the cathode 
453 and ahodti 454, respectively. Additionally, either one or two additional 
electrodes can be prbvided. With one of these elecUodes 460 being shown in FIG. 5E 
as situated below the plane of derulrite 455. Electrical contact to electrode 460 is 

10 ilot specif icallY sh6Wn in FIG. 5E. biit can be appropriately niade as known to those 
skill^^ in this art through an irisuidled or Isolated via hole thrdugh substrate 451 and 
. irisuiator 456^ or thirough ah appropriati^ Insulated or isolated via hole extending into 
the eliectrod^ 466 from the opposite direction^ i.e., though portion 470, which can 
be either a dielebtHc material or a resistive material. In the case of a dielectric 

15 m^teriai, the device shown in FIG. 5E will exhibit programmable capacitances 
between electrode 453 and electrode 460, between electrode 460 shown and 
another electrode 462 above the fast ion conductor (not shown and if provided), 
b^tWe^h cslectrode 460 and electrode 454, and of course between electrodes 453 
.dnd 454. the ptogfammable capadtances between the various electrodes are 

20 programrned by the extent of growth of dendrite 455. 

In the case of a situation where the material 470 is a resistive inhaterial, the 
. device Will exhikMt correspbhdihg prbgr^tnable resistances in; accbrdarice with the 
= extent of dendrite igrdWth: Specifibblly, programrhable reststiarices exist between 
electi'odets 453 and 460, between electrodes 453 and 462 (if provided), between 

25 ele'ctrodes 460 and 462 (if provided), and of course between electrodes 453 and 
: 454. The magnitude of all resistances will depend on the length of the dendrite 
grown between. electrodes 453 and. 454. 

The device shown in FIGS. 5E, like that of FiG. 5C and 5D, can offer several 
advdnta^es over the device of FIGS. 5A and 5B which only has two electrodes. 
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. specifically, a do. bias vbhage can be applied between aiiy combination of the 
Electrodes oth^r than electrodes 453 and 454 without alteririg the dendrite length and 
hiE^hce the capabitahce artd/or resistance of the device. This has important 
irnplicatioris for the use of the device in memory arrays arid other electronic circuit 
5 . s4>pltcatibns. These s^b considerations and advantages apply to a three electrode, 
als well iEls a four electro'de/ device. Dendrite growth is restricted to occur betvUeen 
electrodes 453 and 454 and never between any of the other electrodes. Electrodes 
453 and 454 are thereffore the prbgrammirtg terminals of the device, with the other 
electrodes beihg the output tefrihinals of the device. 
iO turning hdw to FIGS. 6A and 6B, ah exemplary erT)b6diment of a vertic6lly- 

cbnfigured.MdM 60 is shbwi^. FIG. 6A is a plan view of MDM 60 and FIG. 6B is a 
. cfbss-setrtiori^i.view 6f FIG. 6A taken frorn line i&-6. 

With coritihu^ refcfrerice to FIGS. 6A arki 6B, MDM 60 corhprises a substrate 
61 Which provided physical siup'port for the mernory cell or device and, if appropriate, 
T5 aiii insulator 68 tb insulate substrate 61 from the active portion of MOM 60. 

With cohtinuied reference to FIGS. 6A and 6B, an electrode 63 is formed over 
insulator 68. Next, an insulating layer 66 is deposited ar>d patterned over a portion 
of electrode 63 to form a via hole 69 using processing techniques known in the art. 
Via hole 69 serves sis the housing for the active area of MDM 60. Next, a fast ion 
20 cbhductor 62 is de^pbsited v^^ithin via hole 89 using conventional techniques so as to 
exterKi frorn the top of 69 down.to electrode 63 where rt is electrically coupled. 
Thi^ddfier, a via fill 67. such as a pliant insulating mdtierial that will not hirider 
; deifkini^ gbvi^^^ jfill ih6 uhfUled portioris of via hold 69 to protect the hole 

. .^d prevent oyerlyihg layers or materials from filling hole 69. 
25 . With cohtiriued reference to FIGS. 6 A ar>d 6B, an electrode 64 is next formed 
so that at leas^t a pbrtidn df electrode 64 makes electrical contact with fast ion 
conductor 62; Electrode 64 is preferably formed on a plane parallel to the plane 
formed by electrode 63 and at a right angle. Electrode 64 is prevented by insulator 
68 from making direct electrical contact with electrode 63. When a voltage is applied 
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to' electrodes 63 and 64, a dendrite 65 grows vertically at the surface of fast ion 
conductor 6^2 ^d alor>g th6 ir^side of via hole 69, dendrite 65 extending from the 
cathode (e.g. elecfrode 63) towards the ariode (e.g. electrode 64). 

With continued ireter^nce to FIGS. 6A and 6B, the vertical configuration of 
5 MDM 60 It consid^lr^bly more cdmpact than the horizontatly-conf tgiired MDM of 
FldS; 5A and 5B end thu^ hrfay be considered the "high density configuration, as 
meriy rtioire MDM. elements may be fabricated per unit area. For example, in the 
verttcar version, muttipid alternating anode and cathode layers with intervening fast 
ion conductors may be $t^<:ked to draimaiically increase storage capacity. Storage 

'10 densities ih e:kce5S of IS Mb/cm^ are possible with a single vertical structure and 
these derisities will ddiible with an ahode-cathode-anode arrangement. In such an 
arrahgervierit, the maximum storage density may be limited by the size and complexity 
bf the coltirnh and row decoder cirdUitry. HbweVer, if the MDM storage stack is 
f abricaited . oh ari ihtegrieted circuit, the whole semiconductbr chip area can be 

15 dedicated to rdw/colurnn decode, sense amplifiers, and data management circuitry 
sirice the MDM elements will not use any silidon real estate. This should allow 
storage densities of many Gb/crh^ to be attained. Used in this manner, the MDM is 
essentially eti additive technology that adds capability and functionality to existing 
siticbh integrated circtiit techholbgy. 

20 the exem^ary MDMs of FIGS. 5 and 6 represerit a significant departure from 

cohventtbnai silicorvbased micrbelebtrDnics. Silicon is not required for the operation 
of the MDM unless coritrol electronics are tb be incorporated on to the same chip. 
Al^, the overall mantifactiiiriHg process of ah MDM is cor^iderabty sirihipler than even^ 
the rf\6s\ basic Serhibohdiictor processing techniques. With simple processing 

25 techniques coupled With reesohable rrieterial costs, the MDM provides a memory 
device with a much lov\;er production cost than other memory devices. 
1 . PROM and Anti>f use Applications 

With continued reference to FIGS. 5 and 6, MDM 50 and 60 can be utilized as 
PHDM type memory devices. Most current PROMs use fusible links which are broken 
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or blown diinnjg programming^ dnce a link is broken, it canhot be remade. The 
. MDMs of the present inv^^ntibn provide the abilitY to make, rather than break, a 
connection. This is more desirable as it gives mbre latitude and flexibility; for 
exarnple/ even if a wrong link (i.e. dendrite) is made, this link can always be blown 
5 like a cbrtvehti^hal fuse. Also, the dendrites of the MDMs can withstand many 
make/break cycles^ thus, multiple reprogfammlng cycles are possible. 

The MDMs of the Resent invention may also be used ir> programmable logic 
arrays I^PLAs"). -In PLAs. blocks of logic elements such as gates or adders are 
f orrned biit are hot cdnaietted. the coruieictSohs are made to suit a partScutair low 
10 volume appltcatlbn (e.g. an application which would not justify a custom cNp design), 
traditicinally, the final connections between the various l6gic. elements are made at 
the production facility. Hdwever, the MDMs of the present invention would allow 
such PLA devices to be "field i>rogrdmmable'' as it is relatively easy to electrically 
define hard connections between sections on the chip with the metal dendrites. 
15 Anti-fuseis are also found in integrated circuits where redundancy techniques 

are used to combat process-induced defects and in-service failures. For example, 
complex, high-der>sity circuits such as 64 Mbyte DRAM, have more memory on board 
the chip then is actually used. If one section of the chip is damaged during 
processing or fails during operation, spare memory rhay be brought on line to 
20 compensate. Typically, this process is controlled by logic gates on the memory chip 
and requires constant self-testihgl and electrical reconfiguration. An MDM in 
.acictirdah'ce With the fiwesieht iriveritiori rrtay be incorporated irito such memory chips 
, to appropriately fontl' nevv ccmnedtiohs inside the chip wtven required. 

in accbrdari&e with the present invention, data may be written to PROM 
25 . coriiFigured MDMs ("MDM-PROMs") by applying a constant or pulsed bias to the 
electrodes of the MDM to proHnbte dendrite growth. The metal dendrite is allowed 
to reach the anode so as to form a low resistance anti^fuse connection. This 
connection changes both the resistarKe and the capacitance of the memory systern. 
The MDM-PROM memory cell may then be easily 're&d" by passing a small current 
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(ue. a current -small enough n6t to ddmag^ the deMrite) thrbugh the dendrite 
connection. "Erasirig* the MDM-PROM is accomplished by passing a large current 
thtough the derHirite so as to destroy the dendrite and break the conheCtion. If 
enibugh rnetaiioT) material still remains between the opposing electrodes of the MDM, 
5 a hew dendrite may be grown later as appropriate. 

In the MDM-PROM, the electrical change between the two dendrite connected 
ej^trodes is so great that transistors are riot rec^uired at the MDM cells. This is true 
regiBrdless of whether a Idteral or vertical configured MDM is employed. In the 
yMical or hi^-dehsity configuration, the rhemory element size becomes a function 

TO of ariode/fast ion conductdr/cathdde geometry atone. This geometry allows the 
memory of the present irtventidn to be the most compact electrical storage means 
available, much more compact than floating gatd or ferroelectric memories which 
require transistors to be part of their storage elemerits. In addition, both lateral and 
vertical MDM configurations may be formed on virtually any cherhically and 

15 .rinechariically stable substrate material; if silicon Isi required for additional circuitry, the 
MDM may simply be formed on a silicon substrate. 
2. EEPRdM Applications 

With continued reference to FIGS; 5 arid 6, the ability to create iand control a 
hbn'^volEitile change in art electrical pararheter such as resist ahce or capacitance 

20 allows the MDM of the present invention to be used in many applications wfiich 
would (>therwis6 utilizd traditional EEPFiOM or FLASH technologies. Advantages 
provided by the present inv^htiort over preseht EEfttOM ahid FLASH merhory include, : 
drhong others, l&w^r production coist and the ability to use flexible fabricatiori 
techniques which are easily ddaptabl^ to a variety of applications. MDMs are 

25 especially advantageous in apj^lications where cost is the primary concern, such as 
smart cards and electronic inventory tags. Also, the ability to form the memory 
directly on a plastic card is a major advantage in these applications as this is 
impossible with all other semiconductor memories. 
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Further, in accordsinbe with the MDM device of the pr]gseiit inventk>n, memory 
elements rnaV be scalefd to less than a few square microns in Size; the active portion 
of the device being less than one rhicrbn. This provides a significant advantage over 
traditional semicor>diJCt6r technologies in which each device arid its associated. 
;5 interconnect can take up several tens of square microns- 

In iaccordarice vi^ith ahdther embodiment of the present invention, pass 
transistors are Used in the EEPROM configured MDWis ("MDM-EEPROMsT for 
providing EEPROM devices with DRAM-type densities. Alterriath/ely, the materials 
of the MDM devices or separate diodes or thin film transistors {TFTs") may be used 
10 in place of the silicon pass trahsistbrs to prevent celt-to-ceH short circuits in ah array 
having a plurality of devices. 

In dccordance vwth the presient invention, data may be written to MDM- 
EEPROMs by applying a constant or pulsed bias to the electrcides of the MDM to 
promote dendrite growth. The growth of the dendrite changes both the resistance 
. 1 S ^hd ca|»acitsinci& of the device, both of which are easity measured. In the MDM* 
EEPROM, ati insulating barrier, such as an oxide wall, may be disposed adjacent to 
tH6 ariode to prevent the dendrite from reaching and electrically coupling with the 
anode when a voltage is applied: The MDM-EEPROM cell may then be easily "read" 
by applying a small AC signal to the MDM device (i.e. alternating the anode and 
20 cathode). This AC signal, wWch 'wiggles*' the dendrite back aind forth but does not 
folly, grow or retract the dendrite, results in a dynamic capacitance and resistance 
; . change around the low or high statds. ^Rewriting" or •erasing* the MDM^EEPf^OM 
rndfrbly ir>v6lves the apjSlicStioh of a bias vbltage which is oppo^itier to the direction of 
the dbrvdrite growth {i.e. reversal 6i the anode and cathode)! In a preferred 
25 embddirneht where one electrode comprises aluminum and the other electrode 
cbmprises silver, the dendrite will only grow from and retract towdrd the aluminum 
etectrode; a new dendrite does not form from the silver electi^bde during the retraction 
event. 
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Since the Mdm elBrherits exhibit highly non-volatile charactenstics, and since, 
the dendrite position (ahd hence resistance and capacitanc^) is a function of the 
magnitude and duration of the applied vohage, miiltiple-st^te 6r n-state logic storage 
is also possible. In this storage scheme, more than two levels (i.e. binary) may be 
B held in each storage cell; thus, increasing the overall storage density greatly. For 
exanmple, 4-state storage (possible by using four dendrite poshibhs) allows a doubling 
of memory capacity per unit area for the same storage c^H size. Thus, in accordar>ce 
with thie present invention, MDMs may be able to store a continuum of ahabg, rather 
than digital, quantities. The storage of analog values in conventional memory 
10 technologies is extrem'eiy difficult if not impossible. 
3. MBflary ahd Aeriospace Appiicatiohs 

The present inverition has many attributes which lead to other potential fields 
of use. All read/write electronic memories are based oh the principle of a charge 
storage. Iri DRAMs the charge is stored for d few microseconds, in EEPROMs the^ 

1 5 Charge may be stored for years. Unfortunately, there are veirious processes which 
can change this charge such as ionizing radiation. For example, in military and space 
applications, alpha pdrticles, whbh pasising through a typical s^icbhductor device, 
leave a charged trbil vtfhich Alters the charge in the semiconductor device: In the case 
of rhembry technologies, this leads to soft errors and data corlruplioh. The present 

20 irivehtion, on the other hand, does hot depend on charge storage but on a physical 
change in the materials this material being unaffected by relatively large doses of 
radiation. In other v\/or.ds, the present tnivenition is radiation hard, this provides 
^i^tficant advahtdgeis f 6r miiitisry Snd i^pace systems as well as rhany high-integrity 
cbrnmerclal systenrts^^uch as aircraft and navigation systems. 

25 4. Synthetic Neural Systems 

Another application of the present invention is in synthetic neural systerns 
("SNS*). SNS device^ are based on the workings of the human brain ahd are 
destined to become the next generation o1 computing and control devices. SNS 
devices rely on the ability to make connections between elements as part of a 
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^le^ihg" process. Connections are forrhed between the most active circuit nodes 
ILe. those nodes which have signals present for a majority of the time), the 
*trainingi* of the systems, by the application of input, resuhs in a form of hard-wired 
logic. However, this type of systerh is extremely difficult to achieve with 
5 conventional silicorvbased devices. On the other harid, in accordance with the 
present invention, SNS systems comprise MDMs. Because formation of a dendrite 
depends on the presence of a voltage signal, connections rtaturafly form between the 
most active niDdes as the dendrites grow toward the electrodes, which have voltai^ 
Applied to them: In Edition, the strength of the connection, govdrhed by Hs 
10 capacitance, will depend ori the strength of the input. This directdble analog memory 
effect is another significant aspect of the present invention. 

til. Frbgrammlable Resistanbe/Cdpladtaince Devices 

Referring now to FIG3. 7 and 8, an exemplary programmable resistance and 
capacitance CPR/C) device is shown in accordance with the present invention. 
15 FIGS. 7A and 7B are plan and cross-sectional views, respectively, of a lateral type 
device. FIGS. 8A and 8B are plan and cross*sectional views, respectively, of a 
vertical'type PR/C device in accordance with another embodiment of the present 
ihvention. 

With specific reference to FiGS. 7A and 78, an exenriplary PR/C device 7Q is 
/20 !^wn in a lateral or horizontal configuration. FIG. 7A is a plan view of PR/C 70 and 
FIG. 76 i$ a cross-sebtiorial view of PR/C 70 taken from line 5-5 of Fl6. 7A. In this . 
iliuistrcit^d erhb(^infii§ht, PtVC 70 comprises a substrate 71 which provided the. 
i>hysieal support for the PR/C device. If substrate 71 is; noh-lnsulatibd or otherwise 
Inbortipatible with the mdterial^ used in PR/C 70, an insulator 76 may be disposed on 
25 ^ubsitirate 71 to isolate the active portion of PR/C 70 from substrate 71 . Next, a fast 
ion conductor 72 is formed oh substrate 71 lor formed on insulating layer 76 if 
insulator 76 is us^d). Fast ion conductor 72 is appropriately patterned to provide 
isolation between adjacent PR/C or other devices. The dimensions (e.g. length* width 
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and thickness) of fast ion conductor 72 will effect the electrical characteristics of 
PR/G 70. For example, if fast ion cor>ductor 72 is thin and has a length greater than 
its width, the resistance value of PR/C 70 will be greater than the resistance value if 
fast ion conductor 72 was thick and its width was greater than its length. 

'5 With continued reference to FIGS. 7A and 7B, electrode materials are then 

deposited on fast ion conductor 72 and appropriately patterned to form electrode 73 
lB,g,; a cathode) and electrode 74 (e.g., an anode). When a voltage is applied to 
dathode 73 aftd anode 74, a dendrite 75 grows from cathode 73 along the surface 
of fast ion conductor 72 towards electrode 74. The dimension and shape of 

10 electrodes 73 and 74 contribute to the characteristics of device 70. For example, if 
electrode 73 is riarrow or comes to d point, the electric field will be high and growth 
of dendrite 75 from electrode 73 will be rapid. On the other hand, if electrode 73 has 
a broad configuration^ the electric field at electrode 73 is relatively small and the 
growth of dendrite 55 from electrode 73 will be slower. 

15 With continued reference to FIGS. 7A and 7B, an insulating layer 79 is next 

deposited on device 70. Insulating layer 79 protects the active area of PR/C 70 from 
mechanical damage or chemical contamination. Holes 1 25 are then appropriately 
provided in insulating layer 79 so as to allow a contact 77 ar>d a contact 78 to be 
electrically coupled with electrode 73 and electrode 74, respectively. 

20 With continued reference to FIGS. 7 A and 7B, a person of skill in the art will 

recognise this is not the only possible configuration or method for constructing a 
. l^tWal PR/C device. For e>c£»rhple, ar^ alternate configuration for PR/C 70 comprises 
: . fbi'lnriing electrodes 73 and 74 oh substrate 71 and then forming fast ion conductor 
72 on top of these electrodes. In this case, derKfrite 75 will grow along the interface 

25 between substrate 71 ar^ fast ion conductor 72. 

As discussed earlier in connection with FIGs. 5C, 5D, and 5E, and focusing on 
miatal dendrite rnemory (MDM) devices, devices in accordanda with some 
erinbodiments of the invention include an electrode or electrodes additional to the two 
electrodes Utilized to program der>drite growth, which can be used for "outputs" of 
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the devices. These are illustrated in FIGS. 5C, 5D and 5D, aiid the sarhe structures 
are applicable fbr providing programmable capacitance and resistant elements in 
conteiictis other th&n memory elements arwl for appropriate application anywhere 
capacltaribe and resistance elemerits are utSized. 
5 turhihg now to FIGS. 8A and SB, an exemplary embodiment of a vertically- 

corifigured PR/C 80 is shown. FIG. 8A is a plan view of PR/C 80 and FIG. 8B is a 
cross-sectional view of PR/C 80 taken from line 8-8 of FIG. 8A. 

With continued reference to FIGS. 8A and 8B, PR/C 80 comprises a substrate 
81 which provides the rhethdntcdl support for the programmable cell or device and, 

1 6 If apiiropriate, an insulator 88 to insulate subsuate 8 1 from the active portion of PR/C 
80. An electrode 83 Is then formed over insulator 88. Next, ah insulating layer 86 
is deposited and patterned over a portion of electrode 83 to form a via hole 89 using 
processing techniques known in the art. Via hole 89 is used for houstrig the active 
area of PR/C 80. Next, a fast ion conductor 82 is deposited within via hole 89 using 

15 conventional techniques so as to extend from the top of hole 89 down to electrode 
83 where it is elecuically coupled. Thereafter, a via fill 87 such as a pliant insulating 
material that will not hinder dendrite growth is used to fill the unfilled portions of via 
hole 89 to protect hole 89 and prevent the electrode to be formed above from filling 
hole 89. 

.20 With continued reference to FIGS. 8A and 8B, an overlying electrode 84 is next 

fohrhed so that at lea£^t a portion of electrode 84 makes electrical coritact with fast 
ion Conductor 82. Electrode 84 is preferably formed on a plane parallel to the plene 
fblrmed by electrode $3 and ait a right angle. Electrode 64 is preverited by insulator 
. 86 frbm makirid eti&ttrical cdritaict with electrode 63. When a voltage Is applied to 
25 electrodes 83 and 84, a dendrite 85 grows vertically at the surface of fast ion 
conductor 82 and along the inside of via hole 89, dendrite 85 extending from the 
cathode {e.g. electrode 83J towards the anode <e.g. electrode 84). 

Wrth continued reference to FIGS. 8A and 88, the vertical configuration of PR/C 
80 is considerably nniore compact than the horizontal configuration of FIGS. 8A and 
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8B and thus may be considered the "high density" configuration, as many more PR/C 
elements may be fabricated per unit area. For example, in the vertical version, 
muhtpie alternating anode and cathode layers with intervening fast ion conductors 
rhay be stacked to dramatically increase the number of elements per unit area. 
5 With reference how to FIGS. 7 and 8, the PR/C devices of the present invention 

are typically constructed so as to be physically larger than the MDM devices of FIGS. 
5 and 6 so that a greater pararnetric variability may be attainable. The PR/G devices 
6f the present ihvtfrition are •programmed" using a DC voltage; consequently, a small 
si^hal AC voltage would not affect the dendrite condition and hence the resistance 
10 or cdpaicHance would rwt vary. These progrannmable devices may be used as tuned 
circuits in general (e.g., frec^uency selection in cornmunication systems, tone controls 
Bhd audio systems, voltage controlled filt€fr circuits), voltage controlled oscillators 
rVGOs"), signal level (e.g., volume controls), automatic gain controls (*AGC*). and 
the like. 

15 With continued reference to FIGS, 7 and 8, the exemplary PR/Cs represent a 

significant departure from converitional silicon-based microelectronics. In fact, silicon 
is hot even required fdr the operation of the PR/C. Also, the overall manufacturing 
process is con^derably simpler than even the most basic semicorxiuotor processing 
tdchniques. The simple processing techniques coupled with reasonable material costs 

20 provide a device with a low production cost. 

. IV. Eligciro Oipitic^ Devices . 

In accordance with the present triverit ion, PMC devices niay also be 
incorporated in electro-optic appKcations by utiitzing broad dendrite growth between 
wide electrodes at high applied voltage. 
25 With reference nbw to FIGS. 9A and 9B, an exemplary optic device 90 is 

shown! where FIG. 9A is a plan view of optic device 90 and FIG. 9B Is a cross- 
sectional view of optic device 90 taken from line 9-9 of FIG. 9A. In this exemplary 
ernbodtment, device 90 comprises a subistrate 91 which provides the mechanical 
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support for the optic device. Next, a fast iort corKluctor 92 is formed on substrate 
91, fast iOn conductor 92 being appropriately patterned to provide isolation between 
adiaceht cells or other devices. 

With continued reference to FIGS. 9A and 9B, electrode materials are then 
5 deposited dh fast ion conductor 92 and appropriately patterned to form electrode 93 
te.gi,, a cathode) and elebtrode 94 (e.g., an anode), the configuration of electrodes 
&3 ahd 94 are much broader in w\dth than the electrodes of the horizontal MDM of 
f)GS. 5A and 5B. When a large voltage (i.e., voltage greater than 5 volts) is applied 
t6 electrodes 93 and 94, a 'sheet* of metal dendrite 95 is produced, dendrite 95 
..to gfoWiKg from cathode 93 along the surface of fast ion conductor 92 towards 
eiectrdde &4. Dendritic sheet 95 may be used as a shutter to block the passage of 
light through an optical cell or as a mirror to reflect light incident on the back or front 
surface of oj^tic device 90. 

With cohtiriued reference to FIGS. 9A and 9B, a transparent window 99 is 
1 5 formed over dendrite BS. A contact 9? ahd a contact 98 are thieii electrically coupled 
with electrode 93 and electrode 94, respectively. 

With corltirvued reference to FIGS. 9A and 9B, a person of skill in the art will 
recognize there are other possible configurations or rnethods for constructing an 
electro-optic device in accordance with the present invention. 



.Z'O V. Light and Short Waveliength Radiation Sensors 

With reference how to FIGS. lOA and 1 0B, an exemplary light and short 
. wsy^lighgth rkiiaitioh s^hs£6r is described where FIG. lOA reprWnts a plan view 
Of seihsoT ibO arid P\G. lOB iUustr^es a^ cross-section of sensor 100 taken from line 
10-lOof FIG. lOA. 

25 With continued reference to FIGS. lOA and lOB, sensor lOO comprises a 

substrate 101 which provides the support for the sensor device. If substrate 101 is 
non-insulating or otherwise incompatible with the materials used in sensor 100, an 
insulator 106 may be deposited on substrate 101 to isolate the active portion of 
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senior TOO from substrate 101. Next, a fast ion conductor 102 is formed on 
Substrate 101 lor formed on insulating layer 106 if an insulator is used). The 
dimehsibhs (e.g. length, width and thickness) of fast ion coiKiuctor 102 will 
determine, in part/ the electricat characteristics of sensor 100. For example, if fast 
5 ion conductor 1 02 is thiri arid has a length greater than its Width, the resistance value 
6f sensor 102 will be greater than the resistance value if fast ion conductor 72 was 
thick and its width was greater than its length. 

With cdmihued reference to FIGS. 10A and 10B, electrode materials are then 
dejifdsiled on fai^t ion coniductdr 102 and appropriately patterned to form electrode 

10 103 fe^g., a cathode) dirtd electrode 104 {e.g., an anode). When a vohage is applied 
to Cdthode 103 and artode 104, a dendrite 105 grows from cathode 103 along the 
surface of fast ion conductor 102 towards electrode 104. The dimension and shape 
of electrodes 103 ar>d 104 contribute to the characteristics of sensor 100. For 
example, if electrode 103 is narrow or comes to a point, the electric field will be high 

15 and growth of dendrite 105 from elisctrode 103 will be rapid. On the other hand, if 
el&dtrode 103 has a brdad configuration, the eiectrfc field at electrode 103 is 
relatively sririajl aild the growth of dendrhe 105 from electrode 103 will be slower. 

With continued reference to FIGS. 10A and 10B, a transparent window 109 
is nekt formed over electrodes 103 and 104 and over the region reserved for dendrite 

20 105. Holes 145 are then appropriately provided in window 109 so as to allow a 
contatt 107 and a contact 108 to be electrically coupled with electrode 103 and 
elctctrode^ 1 04, re^j>e6tively . 

With contiriiied rbferehce to FIG 1t)A and iOB, a short wavelength radiatioh 
TlO eriters sensor 100 through window 109. the growth and dissolution rate of 

25 dendrite 1 05 i^ sehs^itive to visible light in the orange to violet ravage as well as to 
shorter Wavetehgfhs; particularly ultraviolet: the growth rate of dendrite 105 is much 
less sensitive to wavelertgths below ultraviolet. Light of short wavelength 1 10 which 
is incident on transparent window 109 enhances the ionization of the metal during 
growth or dissoliittori of derKirite 105 and hence the time to grow or dissolve dendrite 
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ids \d iredUced. th>s time dilferehce may be detected by electronic means and then 
related to the intensity of the incideht radiation. 

Whh continued reference to FIGS. lOA and 1 OB. a person of skill in the art will 
ir^ibdghize this is riot the only possible configuration or method for constructing a 
5 siehsoir device. For example, an alternate configuration for sensor 100 comprises 
forming electrodes 103 arKl 104 on substrate 101 and then forming fast ion 
cdfiduictbr 102 on top of these electrodes. In this case, dendrite 105 will grow along 
the irifef face between substriate 101 and fast ion conductor 102. 

V. Cbificlusloh 

10 Thus/ in accbrdaiice with the present invention, a low cost, highly 

rnshuf acSturable dexrice is obtained that may be employed in a variety of appKcations 
such ais memory devices, programmable resistor and capacitor devices, optical 
. devices, sensors, and the like. 

Although the present invention is set forth herein in the context of the 

15 appended drawing figures, it should be appreciated that the invention is not limited 
to the specific forms shown. Various other modifications, variations, and 
ehhiahcements in the design, arrangement, and implementation of, for example, the 
PMC, as set forth herein may be made without departing from the spirrt and scope 
of the present invention as set forth in the appended claims. Furthernrwre, one of skill 

20 in the art will dii>preciate that various other applications arid uses exist for the PMC 
device b^id&s the sfp>ec|fie.0xairnples giv^. 
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VVhat is ciaimed is: 
' L F^O£prdmmable Mcrtallizati'dh Cell 

.1- A prbgrbrhmable metallizbtion cell comprising a body formed of a fast 
5 Ion cibndubior itiaterial having met&liic ions disposed therein> a plurality of conducting 
.'electrodes de^shed on said tody of material, said electrodes adapted to have a first 
: voltagci^^ppiied between two of said electrodes to program the cell by growing a 
. rfiiet^te deridrite frbrri th'e negative of the two electrodes tbward the positive of the 
tWo electrodes white the first voltage is applied thereto. 

2. A pro0rdrnmable metallization cell In accordance with Claim 1 , wherein 
sSid two electrodes are adapted to have a second voltage, opposite in pblarity to said 
first voltage, applied thereto to reiverse growth of the metallic dendrite while the 
'secoild voltage is api^lied thereto. 

3. A prdgirammable metallization cell in accordance with Claim 1 , including 
16 an eifectrical insulating rifiaterial interposed between said two electrodes to inhibit 

metallic dendrite growth so that thie rnetdlltc dendrite grown from one electrode can 
not grow to a point where it contdcts the other electrode. 

4. A progrartimbble rrietaflizatioh ceil in acco^dancft With aaim 1, wherein 
. . said fa^t loh cbhductor is forrned from a metal ion-containir^g ^lass. 

5- A programmable metallization cell in accordance with Claim 1, wherein 
said faist ion conductor is formed of a chalcogenide-metal ion rnaterial selected from 
the group consistirig of sulfur, selenium and tellurium. 
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6. A programm^bie metaliizatioin ceil in d6cordancB with C\mm 5, wherein 
said thaico9enide>rhetdl ion material cantons a rrietal selected from the group - 
corfsistirig of Group IB and Group IIB metals. 

7; A prosifarnmabiB metallization cell in accordance with Claim 5, wherein 
said, chalco^enide-metal ion rriaterial contains a rinetal selected from, the -group 
cbnsisting of silver, copper and zinc. 

8. A prdgrammable metallizatioh cell in accordance with Clainri 1, wherein 
said fa^t ion cbiiiduGtor is fbrmed of a thalcogehide-metal ton material consisting of 
iE^senic t^isulphide-sih^er; 

.9. . A programmable metailizatiori cell in accordance with Claim 1. wherein 
said fai^t ibn conductor comprises AgAsiS^. 

10. A method of forming a programmable rnetallizdtion cell comprising the 
steps df pirbviding a body formed of a fast ion conductor rnaterial having metallic ions 
disposed thiBrein, and providing a plurality of metallic electrodes deposited on said 
body of materiaL 

11. A method of programmirig the progiramrnable rrietaJlization cell of Claim 
Vtl>» ihbhkfincl th^ dddrtiohal step of applying for a plredetermirled time a first voltage 

i^tW«ieh tW6: df s&id pturality of elettrddto to establish a negative electrode and a 
pdsitivei i^ecfrode to giroW a metaf derKfrit^ frbm tt^e negative etectrode to the positive 
elect^od^ during the. predeterminefd time of application of the vOltage. 

1 2. A n^thod Of altering the programrhing of the programmable metallization 
cell of Claim 1 1, by appffcation of a second voltage for a predetermined time to said 
two electrodes. 
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1 3^ A method of altering the programming 6t the (xogramnruible rhetallization 
c4il of Cla'rm 12, by applying a second voltage of the same polarity as the first voltage 
to further grov^ the metal dendrite from the r>egative electrode to the positive 
• ^lectrdde. 

■■ . ' * 

5 14. A method of atterihg the programrning of the programrhable' metallization 

ceil of Claim 12, by applying a second vohage of a polarity opposite to the first 

Vbh'ag'e td r^ver^e the metallic dendrite growth. 

is. A cell having programmable electrical characteristics comprising: 
a fast ion condu<^tor material having a surface; 
10 . an anode disposed at ^)d surface; 

a cdthode disposed at said surface a set distaru:e apart from said anode; 
a dendrite formed at said surface and electrically cbupled to said 
cathode/ siiid dendrite having a length defining electrical characteristic^ of said cell 
and said length being alterable by a voltage applied across said anode and said 
15 cathode. 

1 6. The cell of claim 1 5 wherein said fast ion conductor material comprises 
a chalcogenide rnaterial selected from the group consisting of sulfur, selenium, and 

' tellurium. 

17. tb6 cell of clam 1$ wherein sdtd fast ion conductor material cdrhprises 
20 a nruiterial ^'elelcted froiin the group consisting of sulfur^ selenium dhd tellurium arxl a 

fnetal selectc^d from Group IB oir GrbUp IIB of the periodic chart. 

18. the ceil of cldim 17 wherein said fast Ion conductor comprises arsenic 
tri^ulphide^silver. 
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1 9i The CBli of claim 1 7 wherein said aWode consists oi a metal selected 
from ihe ^roup consisting of silver, copper and zinc, and said cathode comprrs^ 
aluminum. 

20. The teil of claim 1 9 wherein sdid anode cbnsksts of ^ silver-aluminum 
5 bilayet ahd ^id csithode consists of aluminum. 

21 . the cieil of claim 20 Wherietn said set distdhce betWeeri said anode ahd 
isaid cdthbde i^ iri the rarige Of hundreds of rfiicrohs ib huiidredths of microns. 

22. The cell of claim 1 7. wherein said fast idn conductor material is disposed 
b^fvi^e^n said ahode ahd &aid cathoda, said anode and said Cathode forming parallel 

10 planes. 

23. The c^il 6f tiairh 15 further comprising a supporting substrate for 
pr6vidirl|9 strength aTMl rigidity to said cell. 

24. The cell of dairh 1 5 wherein said length of said dendrite increases when 
said voltage is appliM aCrdss said cathode and said anode, and said length of said 

1 5 dernirite decreasa^ whan said voltage is reversed. 

25. The call of claim 24 wherein said length of said derickite increases or 
d6bre&£ts at a rata i^eatlir thaft 10'* mys wheri ^d voltagia is approximately 6.5 to 
1.0 volts. 

26. The ceil of clairh 1 5 wherein said dendrite remains intact when said 
20 voltage is removed. 
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27. the cert 61 claiim 1 $ f lirthef comprising cireuytiy for: mea^unrfg ^ectricai 
characterisiic^s related to said length 6i $aid dendrite at appropriate tirne iritervals. 

28. The cell of ctmrri 1 5 further corhprisifSg d layer. over least a portion of 
said fidst ion Cbrkiuctor matettaU said anode, said Cathode ahd said dendrite for 

5 protecting said cell froim damage while still allowing for changes in said length of said 
dendrite. 

29. A method of forming a prograrnnhable cell comprising th6 steps of: 
providirig a fast ion conductor material having a surface; 
forming an anode dt sdid surface; 

i 0 forming a cathode at said surface a set distance apart from said abode; 

forming a non-volatile dendrite at said surface, said dendrite being 
electrically coupled to said cathode and wherein said dendrite has a lei^gth defining 
electrical characteristics of said programmable cclll. 

30. The method of claim i9 wherein said step of providing a fast Ion 
15 conductor matierial compriseis providing a chalcogenide selected from the group 

c6insi£^in9 of &ulf ur, seleriium, and tellurium, and a rrietal selected from Group IB or 
Group IIB of the periodic chart. 

31. The method of claim 30 wherein, said sti^p of providiri^ a fast id'n 
bbhdubtbr hS^tsH^I comprises providing an arsenic trisulphide-^ilver rildf erial. 

20 32. The method of claim 31 Whereiri said step of providing an arsenic 

trisulphide^isihfer material comprises the step of illuminating a silver film and an 
arsenic sulphide layer with a light of wavelength less than 500 tianometers. 
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^3. the method of claim 29 wherein said step df fo^min^ ah ahokle 
cohrtprises forming an £indde of a material selected from the group consisting of sih^er, 
c6pF>er and zinc, arid said step of forming a cathode corhprises forining a cathode 
cdmprisihg a conducting material. 

5 34. the method of claim 29 wherein said step of forming a cathode 

corhpnses forming a cathode in a plane parallel to said anode. 

35. The rf)eth6d.of ddim 29 fuithelr comprising the step of providing d 
. supporting s^ubstrate for strer>gth and rigidity to s^id programmable celL 

36. The method of clainri 29 further comprising the step of providing circuitry 
16 for measuring electrical characteristics relarted to said length of smd dendrite at 

appropriate time iritervals. 

37. The method of claim 29 further comprisirig the step of providing a layer 
over at least a portion of said fast ion conductor matenal, seiid dnode, said cathode 
and said dendrite for prot&eting said cell from damage while stBI allowing for changes 

i 5 in said length of ^aid dendrite. 

38. A method fOf prograTnniing the cell of claim 29 donijpfrising the step of 
idpp^ng a voltage ^cfrdsis s^d cathode and t&vi anode so as t6 ir^rtea^e or decrease 

39. A prbgrarriitiable metallization cell comprising a body forfned of a fast 
' 20 ion coWductor rhaterial having rtietallic ions disposed therein, a edthode and ah ariode 

deposited on said body of materiaL said cathode and anode adapted to have a first 
voltage applied between them to program the cell by growing a metallic dendrite from 
the cathode toward the anode while the first voltage is applied thereto, and further 
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cbmprisihg at least one additiona! electrode provided in the body with an isolating 
rhaterial isolating said at least one additional electrode from the metaJHc dendrite and 
fast Jon conductor, whereby electrical characteristics measured between any two of 
the cathode^ anode, and at least one addhional electrode, vary in accordance with the 
5 growth. of the metallic dendrite. 

40. A programmable metaliizdtion cell in accordance with Claim 39, wherein 
sdid fast ion coriductor material is a chalcoger)ide selected from the group consisting 
df sCilfur, seleriiiim and tellurium, and said metallic ions are formed from a metal 
. selected from the group consisting of silver, copper and zir>c. 

10 41 . A prograrnrhable metalli^^dtion cell in accordance wKh Clairn 40 wherein 

said isolating material comprises a dielectric such that the electrical characteristic 
Which varies in accordance with growth of the metallic dendrite 
is capacitance. 

42. A progrdnrimsible metallization cell in accordance with Claim 40 wherein 
15 said isolating material comprises a resistance material such that the electrical 

char^cterisitic which varies in accordance with growth of the metallic dendrite is 
resistance. 

43. A. prbgrarhrnable metallization cell comprising a body fomr>ed of a fast 
. ibh coh^iictbr m^erial formed of a chalcogenide material selected from the group 

26 coh^isting 6f sulfur, selertium and iellilrium, ^ havir^ rhetallic ions selected from 
the group coiisistih^ of silver, copper and zinc disposed therein, a cathode and an 
anode deposited dn Said bokly of material, said cathode and anode adapted to have 
ja fir&t voltage applied between them to program the cell by growing a metallic 
dendrite from the cathode toward the anode while the first voltage is applied thereto, 

25 and further comprising at least two additional electrodes in the body with a material 
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isbl^tihg said two addHiohal electrodes from the itietatric dendrite and fast ion 
conductor/ whereby electrical characteristics measured between any two of the 
cathode, anode, and two additional electrodes, vary in accordance with the growth 
bf the metallic dendrite. 

'5- 44. A prograrfirhable metallizaition cell in accordance with Claim 43 wherein 

said isolating material comprises a dielectric such that the electrical characteristic 
which varies in accordance with growth of the metaUic dendrite 
is capaicitance. 

45. A programmable metallization cell in accordance with Claim 43 wherein 
10 smd isolaitihg materidi comprises a resistance material such that the electrical 

characterii^tic vifhlth varies in adcbrdarice with grbwth of the metallic dendrite is 
resij^tahce. 

II. Metlail Dendrite MbUnbry 

46. A non-volatile memory element comprising a programmable metallization 
1 5 cert in accordance with any of claims 1 -9, 1 5-28. and 39-45. 

47. A method for font^ihg a non- volatile memory element comprising the 
steps of forming a progrimrinable metallization cell in accordahbe whh any of claims. 
r0-14i and 29-38. 

IIL Progirainmable Rc^sistahce/Capafcttanee Devices 
20 48. A programmable resistance element comprisinfg a programmable 

nrietallization c^ll in accordahce with any of claims 1-9. 15-28. and 39-45. 
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49. A metKod of lorming a pr ogrammabie resistance element comprising the 
steps of formiryg a prdgrarhmable metallization cell in accordance witt) ahy of claims 
10-14 artd 29-38; 

50. A programmable capacitance element cornpnsing a programmable 
5 rhetallizatioh cell in accordance with any of claims 1-9, 15-28, and 39-45. 

51. A method of f6irmin§ a programmable capacitance element comprising 
the steps bf forming a programnSable metallization cell in accordarice with any of 
claims 10-14 and 29-38. 

IV. Electro-optical Devices 

iO 52, An optical device for switching between a light transm^^^^ 

a light blockage or refleirtiKg mbde, corriprising a programmable metallization cell in 
accordance with any of claims 1-9,15-28, and 39-45, wherein the two electrodes to 
which a vohage is applied to form said nrietailic dendrite are of relatively large lateral 
extent and fOn»ctton to grow e tnetalllc dendrite of reldtively large lateral extent, and 

1 5 in Which said f^st iori. conductor has a least one portion transparent to light of some 
wavelength, such that programming of formation of said dendrite will selectively 
block and unblock light transmission through said fast ion conductor. 

. 53. . A metho'd of forming an optical switch comprisirig forming a 
pirogriarhrnable metailizdtioh cetl in dcicordamre with any of claims 10-14, and 29-38, 

20 Wherein the two ^fectrodes between which a voltage is applied to program metalUc 
dendrite growth have a relatively large lateral extent, and in which said fast ion 
conductor has at least d portion thereof transparent to light of some wave length, 
whereby dendrite growth is selectively coritrolled to block or unblock portions of the 
trdnsparent portion of the fast ion conductor to function as an optical switch with 

25 respect to light oriented to pass through said transparent portion. 
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V. Lighi and Short Wavel^ni^th Racfiation Sensors 

54. A radiation sensor comprising a programmable metallization cell formed 
ih accordance with any of clarfns 1-9, 15-28 and 39-45; wherein said fast ion 
cortcfuctdr has a. portion thereof transparent to light ^nd ishort wavelenigth radiation 
5 foi^d ih said f ast ibn cbhductor at a location atighied with an axis of dendrite growth 
between s^id t\vo electrodes to Which a voltage is applied to program derKfrite 
growth, whereby the raite of formatioh or dissolution of said metallic dendrite in 
response to a predetermined applied vohage between said two electrodes is 
depehdeht 6n the light or radiation incident on said transparent portion of said fast 
ID ion conductor, such that said programmable metallization cell functions as a light or 
radiiaition sensor. 

5 is. A rnfethdd of forming a rddiation sensor comprising forming a 
prograrhrnable metallization cell in iaccdrdahce with any of claims 10-14, and 29-38, 
wherein said fast ion conductor has at lea^t a portion thereof trar^sparent to 
1 5 light oi short wavelength radiation, and wherein a predetermined voltage is constantly 
applied to said two electrodes, whereby rate 6f growth or dissolutiori of said dendrite 
functions as an indication of the arnbunt 6r iritehsity of incident lighi or short 
Wavelength radiatibn. 
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